Over the past decade, several studies have demonstrated that normal-hearing listeners can achieve high levels of speech recognition when presented with only the temporal fine structure (TFS) of speech stimuli. Initial suggestions to explain these findings were that they were the result of the auditory system's ability to recover envelope information from the TFS (envelope recovery; ER). A number of studies have since showed decreasing ER with increasing numbers of analysis filters (the filters used to decompose the signal) while intelligibility from speech-TFS remains almost unaffected. Accordingly, it is now assumed that speech information is present in the TFS. A recent psychophysical study, however, showed that envelope information remains in the TFS after decomposition, suggesting a possible role of ER in speech-TFS understanding. The present study investigated this potential role. In contrast to previous work, a clear influence of analysis filter bandwidth on speech-TFS understanding was established. In addition, it was shown that near perfect speech recognition from recovered envelopes can be achieved with as many as 15 analysis filters. Finally, the relationship between analysis and auditory filter bandwidths was explored in ER. Taken together, the present findings suggest that a role of ER in speech-TFS understanding cannot be excluded.
INTRODUCTION
In recent years, many studies (e.g., Nelson et al., 2003; Oxenham, 2003, 2006; Stickney et al., 2005; Fullgrabe et al., 2006; Gnansia et al., 2009; Hopkins and Moore, 2009 ) have investigated the role of temporal fine structure (TFS) in speech recognition by comparing the intelligibility of natural or unprocessed speech with that of speech processed to replace the original TFS with tones or noise bands (i.e., vocoder processing). Results from these studies typically showed better speech recognition in noise for stimuli whose original TFS had been preserved. Although a benefit from preserved TFS is usually observed with most masker types, the nature of the masker, and more specifically the nature of the masker's envelope, may considerably influence the extent of this benefit. Indeed, the drop in intelligibility associated with vocoder processing is generally larger for maskers whose envelope fluctuates over time, suggesting a greater role of TFS when extracting speech from temporally fluctuating backgrounds.
The apparent interaction between vocoder processing and fluctuations in the masker observed in the above studies and others has led to the suggestion that TFS cues provide useful information to identify speech sounds. The presence of dips in the background would then allow listeners to have better access to this information. This interpretation is supported by the results of a set of studies in which speech recognition in noise for normal-hearing (NH) listeners was measured using stimuli processed to "remove" temporal envelope information Lorenzi et al., 2006; Sheft et al., 2008) . In other words, subjects were presented with stimuli that principally contained TFS information. Results showed that NH listeners can achieve high levels of speech understanding when presented with the TFS of speech stimuli, suggesting that TFS conveys sufficient information to accurately identify speech sounds. The study by Lorenzi et al. (2006) also showed that, in contrast to NH listeners, hearing-impaired (HI) patients cannot understand speech when presented with only the speech TFS. This last result has been interpreted as evidence of a TFS deficit in HI patients.
A potential issue when presenting a subject with the TFS of a stimulus is that the speech envelope may reappear at the output of the auditory filters (Ghitza, 2001) . As shown by Apoux et al. (2011) , this so-called envelope recovery occurs because the techniques most commonly used to separate the envelope from the fine structure cannot properly remove the envelope information from complex signals such as speech. Since envelope information remains in the speech TFS and can be recovered at the output of the auditory filters, it is unclear which information is used by the subjects when presented with only the speech TFS.
In an attempt to address this issue, several behavioral (Zeng et al., 2004; Gilbert and Lorenzi, 2006) and neurophysiological (Heinz and Swaminathan, 2009 ) studies have evaluated the intelligibility of recovered envelopes. Overall, these studies have confirmed that envelopes derived from the TFS can produce good speech intelligibility. In the behavioral studies, NH listeners were presented with the TFS of speech stimuli or with a series of noise or tone carriers amplitude-modulated by the recovered envelopes. In the latter case, a technique similar to vocoder processing was used and the recovered envelopes corresponded to the outputs of a bank of gammachirp auditory filters (Irino and Patterson, 1997) in response to the original speech fine structure. Zeng et al. (2004) found up to 40% correct performance for sentences and Gilbert and Lorenzi (2006) found up to 60% correct performance for consonants. Gilbert and Lorenzi (2006) also showed that performance decreases with increasing number of analysis bands. The authors attributed the effect of the number of bands to the ratio between the bandwidth of the analysis filters and that of the auditory filters. They also concluded that consonant identification is essentially abolished when the bandwidth of the analysis filters is less than or equal to four times the bandwidth of normal auditory filters.
Oddly, the above results remain partly in contradiction with those of Apoux et al. (2011) as the latter clearly suggest that envelope recovery should not be affected by the ratio between the bandwidth of the analysis filters and that of the auditory filters, or more generally, the number of bands. The goal of the present study was therefore to reconcile the results of these studies and clarify the role of TFS cues in speech recognition in noise.
INTELLIGIBILITY OF SPEECH TFS IN HI PATIENTS
It was decided to first re-evaluate the intelligibility of speech TFS in both NH and HI subjects. One motivation for such evaluation was that HI patients seem to have great difficulties understanding speech when presented with only the TFS but this result was only observed in a specific condition. Indeed, speech TFS intelligibility in HI patients has only been observed in a condition involving a large number of analysis bands (i.e., 16 bands).
Considering the suggested relationship between the bandwidth of the analysis filters and that of the auditory filters, we hypothesized that performance for these subjects may increase as the number of bands decreases. Two groups of subjects were tested. One group consisted of five NH listeners (average = 21 years) while the other group consisted of three HI listeners (average = 50 years). The HI listeners all showed a symmetric, moderate, flat hearing loss (mean PTA, pooled across ears = 50 dB HL). Both groups performed the same task. It consisted of a series of 18 blocks in which subjects were presented with 16 vowel-consonant-vowel (VCV; /p, t, k, b G J ݇ I V ‫ݕ‬ è Y ] ‫ݤ‬ P Q utterances each produced twice by a single female speaker. Six conditions were tested, each corresponding to the number of bands used to extract the TFS. Briefly, the stimuli were filtered into 1, 2, 4, 8, 16, or 32 contiguous frequency bands ranging from 80 to 9433 Hz using 2 cascaded twelfth-order digital Butterworth filters (for details see Apoux and Healy, 2009) . Each band was therefore 32, 16, 8, 4, 2, or 1 equivalent rectangular bandwidth (ERB N ; Glasberg and Moore, 1990) , respectively. The TFS was extracted from each band using Hilbert decomposition as described in Apoux et al. (2011) . The six conditions were repeated three times for a total of 18 blocks. The conditions were partially randomized in that a subject had to complete all six conditions before any condition could be repeated. Figure 1 shows the mean percent-correct scores for each group as a function of the number of bands. First, it should be noted that these data correspond to the second repetition of the six conditions. Indeed, because showed a large training effect, the first repetition was discarded. The third repetition was also discarded because one HI subject stopped after the 12 th block, therefore completing the six conditions only twice. As can be seen, consonant recognition in NH subjects remained relatively high (around 80%) as the number of bands decreased from 1 to 8. Then, scores dropped to about 50% in the 16-band condition and finally reached about 40% in the 32-band condition. A different pattern was observed for the HI subjects. Consonant recognition was slightly above 60% in the 1-band condition and 40% in the 2-band condition. It then decreased slowly from almost 20% in the 4-band condition to just over 10% in the 32-band condition. Surprisingly, the current NH listeners did not perform as well in the 16-band condition as those who participated in the study by Lorenzi et al. (2006) . The difference was just over 40 percentage points. One possibility is that our subjects did not get as much practice. Indeed, while both groups of subjects completed roughly the same number of sessions, those in Lorenzi et al. trained in only one number-of-band condition. However, a brief analysis of the results obtained in the third repetition showed that all five NH subjects had already reached asymptotic performance in the second repetition. In any case, this difference in NH scores between studies suggests that the HI scores could have been only better. As can also be seen in Fig.1 , HI listeners were able to understand speech TFS well above chance, at least in a few conditions. Moreover, the difference between NH and HI was only just over 20 percentage points in the 1-band condition. While a difference is apparent between the two groups, these data can be interpreted as evidence that HI patients can encode the speech TFS with a relative efficacy. In other words, HI patients do not necessarily suffer from a complete inability to use TFS.
EFFECT OF NOISE FLOOR ON THE INTELLIGIBILITY OF SPEECH TFS
In a recent study, Hopkins et al. (2010) pointed out that "very low-level recording noise […] is amplified to the same level as the target speech as a consequence of the TFS processing." Because only the low-level recording noise present during a silence is amplified, it should not be surprising that speech TFS stimuli seem to remain highly intelligible for NH listeners. Indeed, it is well established that speech recognition is not severely affected by nonoverlapping maskers (e.g., Apoux and Healy, 2010) . In contrast, HI listeners are far more susceptible to the presence of noise, even though the noise energy does not overlap substantially with that of the speech in time and/or frequency. The presence of this amplified recording noise could therefore explain why HI patients do not perform as well as NH listeners when presented with speech TFS.
To further investigate this hypothesis, we examined the spectrograms of unprocessed and TFS-only VCVs. What became immediately apparent to us is that some VCVs were roughly similar in the unprocessed and in the 1-band TFS condition while others had considerable amplified recording noise in the latter condition. As pointed out by Hopkins et al. (2010) , this amplified recording noise was principally present during silences. More specifically, speech energy had to be absent from all frequencies (i.e., a temporal gap) for this recording noise to be amplified. In other words, spectral gaps did not seem to be filled with amplified recording noise. As a consequence, vowels were generally well preserved after TFS processing and most changes were only visible in the time-frequency regions corresponding to the consonant. However, all the consonants were not similarly affected. If voicing was present in the intervocalic space, only limited amplified recording noise was visible. If voicing was not present in the intervocalic space, a large amount of amplified recording noise was visible. From this simple observation, it was possible to make a number of predictions. Because NH listeners are not greatly affected by non-overlapping maskers, we predicted that the difference between voiced and unvoiced consonants should be limited in the 1-band TFS condition. In contrast, because HI patients are susceptible even to non-overlapping noise, we predicted a large voiced/unvoiced difference in terms of intelligibility.
To verify these predictions, we re-analyzed the data of our initial experiment. Only the data corresponding to the second repetition of the 1-band condition were analyzed. These data from each group were split into two sets with one set corresponding to the voiced consonants and the other set corresponding to the unvoiced consonants. However, all the results for /m/ and /n/ were discarded so that only pairs of voiced/unvoiced consonants remained. The results of this analysis were fairly consistent with our predictions. First, intelligibility was slightly better for voiced (89%) than for unvoiced (74%) consonants in the NH group. Second, intelligibility was higher for voiced (69%) than for unvoiced (45%) consonants in the HI group. Put in perspective, the voiced/unvoiced difference in the HI group was more than two times that observed for the NH group. By simply extrapolating what we observed in the 1-band condition to the other number-of-band conditions, we can infer why performance dropped for both groups as the number of bands increased. Indeed, as the number of bands increases, the probability to observe a silence in a given band also increased. For instance, if a voiced consonant is divided into two bands, only the lower band will include the voicing bar. Therefore, the upper band will contain amplified recording noise in the intervocalic space. As more bands are added, more noise will also be added. Hence the apparent effect number of bands, especially in HI patients.
IMPLICATIONS FOR ENVELOPE RECOVERY
The above finding has a fundamental implication for our interpretation of previous TFS studies. In these studies, it was shown that NH listeners are able to understand speech when presented only with the TFS. This result was interpreted as evidence that the TFS provides speech information. As mentioned previously, the possibility that these results could be attributed to envelope recovery was pointed out, but a few studies suggested that recovered envelopes are only intelligible when the TFS is extracted from broad frequency bands. In particular, Gilbert and Lorenzi (2006) compared the intelligibility of TFS stimuli with that of stimuli created from the recovered envelopes. They observed a constant and high performance for the speech TFS stimuli in all number-of-band conditions and poor performance for the recovered envelope stimuli. Moreover, performance decreased with increasing number of bands for the latter. Accordingly, the authors dismissed the role of envelope recovery, at least in large number-ofband conditions. Here, we argue that the intelligibility of speech TFS is primarily due to envelope recovery, irrespective of the number of bands used to extract the TFS. A first argument is that envelopes recovered from broad frequency bands are highly intelligible and as demonstrated by Apoux et al. (2011) , extracting the TFS from narrow or broad frequency bands has little, if any, influence on the presence of envelope information in the TFS. Therefore, it may be assumed that the number of bands per se does not affect the presence of envelope information. A second argument is related to the amplified recording noise. When NH listeners are presented with the speech TFS, this noise has a limited influence on intelligibility because it does not greatly overlap in frequency with the speech signal and it is well established that NH listeners can ignore non-overlapping noise (e.g., Apoux and Healy, 2010) . The sound mixture is passed through the auditory filter at the output of which envelope information is recovered. Then, the auditory system only needs to decide which outputs correspond to the speech and which correspond to the noise Healy, 2009, 2012) . In this last task, the auditory system can presumably rely on TFS cues as the TFS of the speech and that of the noise differ substantially (note that in this view TFS cues are used but only as a segregation cue and not to provide speech information). When NH listeners are presented with recovered envelope, the possibility to separate the speech envelopes from the noise has been greatly hindered. This is so because all TFS cues have been removed and replaced with noise bands or a tonal complex. Finally, it may be assumed that as more bands are used to extract the TFS, more recording noise is amplified. As a consequence, it is not surprising to see the intelligibility of recovered envelopes decline with increasing number of bands as in Gilbert and Lorenzi (2006) . In summary, it may be assumed that the difficulties understanding speech TFS experienced by HI patients does not reflect a deficit in TFS processing. These difficulties might instead result from the detrimental effect of amplified recording noise which is a consequence of the TFS processing. Similarly, it may be assumed that the amplified recording noise reduces the intelligibility of recovered envelopes. Finally, a possible conclusion for the present study is that envelope recovery presumably accounts for speech recognition based on TFS.
